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\bstract : Indium Oxide films were deposited by dc reactive magnetron spu|tcnng from indium tiu'get on to glass substrates held at lemiHiraiures 
m ihc langc 373-673 K in an oxygen partial pressure ol 2 x 10* nibai. The dept^ndcncc ol structure, electrical and optical piopcnics of the films on 
•he substrate temperature was systematically studied The films prepared at 373 IC were amorphous while those tormed at ternpeiatures > 473 K were 
pitivuystallinc with cubic structure The electrical resistivity of the films decreased from 2 4 x 10  ^ cm to I 3 x 10 ’ i2 cm and Hall mobility incmased 
lioni 2 5 cmVV sec to 18 cm’/Vscc with the increase of substrate temperature from 373 K to 673 K due to the improvement in the crystallinity of the 
films The temperature dependence of Hall mobility indicated that the gram boundaiy scaticnng ol the charge carriers predominated in these films The 
opiKul iiansrnittancc (alA “  6(X) nm) increased from 68% to ^5% and the ojaical band gap increased from 3 64 cV to \ 78 eV with the incicase of ihe 
4ii'Mra(c temperature trom 373 K to 673 K respectively.
KiVHords . Indium oxide films, dc magnetron sputtering, electrical and optical properties 
I'Xt'S Nos. 68 55 Jk , 78 66 Hf , 73 61 r
h Introduction
1(1 recent y ea rs , th e re  is a n  in c re a s in g  in te re s t  in  th e  d e v e lo p m e n t 
oi t r a n s p a re n t  c o n d u c t i n g  th in  f i lm  m a te r i a l s  d u e  to  th e i r  
im portance in  a  w id e  ra n g e  o f  a p p lic a t io n s  s u c h  a s  .solar c e lls ,  
liquid c ry s ta l  d i s p la y s  a n d  p h o to c o n d u c to r s .  O n e  o f  s u c h  
materials is In d iu m  o x id e . In d iu m  o x id e  ( ln .,0 ^ )  f i lm s  w ith  h ig h  
ck ctrical c o n d u c liv ily  a n d  h ig h  tra n sm itta n c e  in  th e  v is ib le  ra n g e  
^cre  t)rep ared  b y  v a r i tiu s  d e p o s i t io n  te c h n iq u e s  su c h  as th e rm a l 
oxidaiion o f  in d iu m  [ 1 ,2 |,  re a c t iv e  e v a p o ra t io n  [3-6J, p u lsed  la se r  
deposition [7 ], d c  m a g n e tro n  sp u tte r in g  | 8 - 10], r f  sp u tte r in g  ( I I )  
and sp ray  p y ro ly s is  [1 2 ] . In  r e c e n t  y e a rs , m u c h  a tte n tio n  is 
locusscd on  f i lm s  p re p a r e d  b y  d c  re a c t iv e  m a g n e tro n  sp u tte r in g , 
because o f  th e  a d v a n ta g e  o f  s p u t te r in g  f ro m  in d iu m  ta rg e t w ith  
b>gh d e p o s itio n  r a le s  a n d  u n if o rm ity  o v e r  la rg e  a re a  s u b s tra te s  
by ea,sily c o n tro l l in g  th e  c o m p o s i t io n  o f  th e  f i lm s . T h e  p h y s ic a l 
p ro p ertie s  o f  th e  f i lm s  p r e p a r e d  b y  d c  r e a c t iv e  m a g n e t ro n  
MHittcring a rc  h ig h ly  in f lu e n c e d  b y  th e  s p u t te r in g  p a ra m e te r s  
^neh as  o x y g e n  p a r t ia l  p r e s s u r e ,  s u b s t r a te  te m p e r a tu r e  a n d  
M’»uttcring p re s s u re . In  th is  in v e s t ig a t io n , w e  m a d e  a n  a tte m p t 
h) dcpo.sii in d iu m  o x id e  f i lm s  by  d c  re a c tiv e  magneU*on sp u tte rin g  
‘3t d iffe ren t s u b s tr a te  te m p e r a tu r e s  a n d  c h a ra c te r iz e d  th e n  by 
studying th e ir  s t ru c tu r a l ,  e le c t r ic a l  a n d  o p tic a l p ro p e r tie s .
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2. Experimental
In d iu m  o x id e  f ilm s  w e re  d e p o s i te d  o n to  u llra so n ic a lly  c le a n e d  
g la s s  su b s tra te s  by  d c  re a c t iv e  m a g n e tro n  sp u tte r in g  fro m  a 
h o m e  m a d e  p la n a r  m a g n e tro n  sp u tte r in g  sy .stcm  [ 1 31 c a p a b le  o f  
o b ta in in g  an  u lt im a te  v a c u u m  o f  2  x  I f i^  rn b a r  A  c irc u la r  p la n a r  
m a g n e tro n  o f  1 0 0  m m  d ia m e te r  w a s  u sed  as  th e  m a g n e tro n  
c a th o d e . T h e  m a g n e tro n  w a s  d e s ig n e d  in  su c h  w ay  th a t tw o  
p e rm a n e n t rin g  m a g n e ts  m a d e  o f  sa m a riu m  c o b a lt a rc  c o o le d  by 
w a te r  c ir c u la t io n  [1 4 ] . T h e  m a g n e tro n  ta rg e t a s s e m b ly  w a s  
m o u n te d  o n  th e  to p  p la te  o f  th e  v a c u u m  c h a m b e r  so  th a t th e  
sp u tte rin g  c a n  he ix j iio rm e d  in  sp u tte r  d o w n  m o d e . A  c o n tin u o u s  
v a r ia b le  d c  p o w e r  su p p ly  o f  7 5 0  V  a n d  3 A  w a s  u se d  a s  a p o w e r  
so u rc e . T h e  s p u tte r  ta rg e t w a s  p u re  in d iu m  o f  1 0 0  m m  d ia m e te r  
a n d  3 m m  th ic k . 9 9 .9 9 5 %  p u re  a rg o n  a n d  o x y g e n  w e re  u se d  as  
.sp u tte rin g  a n d  re a c t iv e  g a se s  re s p e c tiv e ly . T h e  f lo w  ra te s  o f  
b o th  th e  g a se s  w e re  in d iv id u a lly  c o n tro lle d  b y  T y lan  m a ss  f lo w  
c o n tro lle rs . In d iu m  o x id e  f i lm s  w e re  d e p o s i te d  u n d e r  v a r io u s  
su b s tra te  te m p e ra tu re  in  th e  ra n g e  3 7 3  -  6 7 3  K  in  an  o x y g e n  
p a r t ia l p re s s u re  o f  2 x  10 m b a r  a n d  sp u t te r in g  p re s su re  o f  4  x  
10 '^  m bar. B e fo re  d e p o s itio n  o f  e a c h  f ilm , th e  in d iu m  ta rg e t w as  
p re - s p u ttc re d  in  p u re  a rg o n  fo r  15 m in u te s  in  o rd e r  to  re m o v e  
th e  su rfa c e  o x id e  lay e r fo rm e d  i f  any, on  th e  ta rg e t. T h e  fo llo w in g  
c h a ra c te r iz a tio n  m c a s p re m e n ts  w e re  c a r r ie d  o u t a t  3 0 3  K  o n  th e  
a s -d e p o s ite d  in d iu m  o x id e  f i lm s . T h e  th ic k n e s s  o f  th e  f i lm s  w as  
m e a s u re d  u s in g  in te r f e r e n c e  m e th o d .  T h e  c r y s ta l lo g r a p h ic
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3.2 Electrical properties :s tru c tu re  o f  th e  f i lm s  w as a n a ly z e d  w ith  X -ray  d if fra c tio n  u s in g  
c o p p e r  rad ia tio n  w ith  a  w av e len g th  o f 0 . 15 4 0 6  nm . T h e  e lec trica l 
r e s i s t iv i ty  a n d  H a ll  m o b i l i ty  o f  th e  f i lm s  w e re  m e a s u re d  
e m p lo y in g  s t a n d a r d  v a n  d e r  P a u w  m e th o d .  T h e  o p t ic a l  
tr a n sm itta n c e  an d  re f le c ta n c e  o f  th e  f i lm s  w ere  re c o rd e d  u s in g  
H ita c h i d o u b le  b e a m  sp e c tro p h o to m e te r .
3. Results
T h e  in d iu m  o x id e  film s d e p o s ite d  by  d c  re a c tiv e  m a g n e tro n  
sp u tte r in g  w e re  p in  h o le  free  an d  h ig h ly  a d h e re n t to  th e  su rfa c e  
o f  th e  su b s tra te . T h e  th ic k n e s s  o f  th e  film s in v e s tig a te d  w as in 
th e  ra n g e  8 0 -  1 2 0 n m .
3.1 Structure:
T h e  X -ra y  d if f ra c t io n  p a tte rn s  o f  in d iu m  o x id e  f i lm s  d e p o s ite d  
as  d if fe re n t su b s tra te  te m p e ra tu re s  a rc  sh o w n  in F ig u re  1 . T h e  
film s d e p o s ite d  a t a  su b s tra te  te m p e ra tu re  o f  37 3  K  w ere  fo u n d  
to  be  a m o rp h o u s  in  n a tu re  w h ile  th o se  fo rm e d  at te m p e ra tu re s  ^  
4 7 3  K w e re  p o ly c ry s ta l l in e  a n d  e x h ib ite d  c u b ic  s tru c tu re . T h e  
f ilm s  d e p o s ite d  a t a  su b s tra te  te m p e ra tu re  o f  4 7 3  K c o n ta in e d  
(222), (4(X)) an d  (4 4 0 ) p e a k s  o f  in d iu m  o x id e . W h en  th e  su b stra te  
te m p e ra tu re  in c re a s e d  th e  in te n s i ty  o f  ( 2 2 2 ) p e a k  in c re a se d  
w h e re a s  th e  (4 0 0 )  an d  (4 4 0 )  p e a k s  in te n s ity  d e c re a s e d . T h e  
d e c re a se  o f  th e  (4 0 0 )  a n d  (4 4 0 )  p e a k  in te n s ity  w ith  th e  in c rea se  
o f  su b s tra te  te m p e ra tu re  in d ic a te d  th a t th e  (2 2 2 ) o r ie n ta tio n  is 
m o re  p re d o m in a n t in  th e  f i lm s . T h e  la ttic e  p a ra m e te r  e v a lu a te d  
from  the  (2 2 2 ) p eak  in c reased  fro m  l.O lO n m to  l .O M n in  w ith  th e  
in c r e a s e  o f  s u b s t r a t e  t e m p e r a tu r e  f r o m  4 7 3  K  to  6 7 3  K  
re sp e c tiv e ly . T h e  g ra in  s iz e  o f  th e  f i lm s  e v a lu a te d  u s in g  th e  
S c h e rre r 's  re la tio n  [1 5 ] in c re a se d  fro m  2 0  n m  to  35  n m  w ith  th e  
in c r e a s e  o f  s u b s t r a t e  t e m p e r a tu r e  f ro m  4 7 3  K  to  6 7 3  K  
re s p e c tiv e ly  d u e  to  th e  im p ro v e m e n t in th e  c ry s ta ll in i ty  o f  th e  
films.
T h e  d e p e n d e n c e  o f  e le c tr ic a l re s is t iv i ty  ( p ), H a ll m ob ility  ( / /, 
an d  c a r r ie r  c o n c e n tra tio n  (n) o n  th e  su b s tra te  tem p era tu re  n{ 
ind ium  o x id e  film s are sh o w n  in F ig u re  2. T h e  elec trica l re s is ts  lu 
o f  th e  f ilm s  w a s  fo u n d  to  b e  h ig h ly  in f lu e n c e d  by  th e  subsiuuc 
te m p e ra tu re . T h e  h ig h  e le c tr ic a l re s is t iv i ty  o f  2 .4  x lO "^ Q  cm m 
th e  film s fo rm e d  a t 373  K  w a s  d u e  to  th e  a m o rp h o u s  nature . 1 he 
e le c tr ic a l resi.stiv ity  o f  th e  f i lm s  fo rm e d  a t 4 7 3  K  d ec rea sed  lo f 
X 10 12 cm  d u e  to  th e  p o ly c ry s ta llin e  n a tu re . T h e  lo w  electrical 
re s is tiv ity  o f  1.3 x  1 0 '^  12 c m  o b ta in e d  a t a  su b s tra te  tem pcraiuic 
o f 673  K  w as d u e  to  the  im p ro v e m e n t in  th e  d eg ree  o f  crystallmit) 
o f  th e  f ilm s  as  re v e a le d  b y  X -ra y  d if f ra c t io n  d a ta . T he  Hall 
m o b ility  m e a su re m e n ts  in d ic a te d  th a t th e  film s w ere  n-type. J he 
H all m o b ility  o f  th e  film s in c reased  fro m  2 .5  cm^A^.sec to  1 H cm / 
V .scc  a n d  th e  c a r r ie r  c o n c e n tra tio n  in c re a se d  fro m  1 x  1 0 -'' 
cm"'^ to  2 .7  X 10^^ c m “  ^ w ith  th e  in crea .se  o f  th e  substrate 
te m p e ra tu re  fro m  37 3  K  to  6 7 3  K  re sp e c tiv e ly . T h e  increase  o! 
H a ll m o b ili ty  a n d  c a r r ie r  c o n c e n tra tio n  w ith  th e  in c rea se  o f  the 
su b s tra te  te m p e ra tu re  m ig h t b e  d u e  to  th e  im p ro v e m e n t in the 
a lig n m e n t o f  th e  g ra in s  at th e  g ra in  b o u n d a rie s  w h ich  m iniin i/cs 
th e  tra p p in g  a n d /o r  s c a t te r in g  o f  c h a rg e  c a r r ie rs  at the  gram  
b o u n d a rie s . T h is  is a  p h e n o m e n a  o b se rv e d  in  po lycrystallinc 
tr a n sp a re n t c o n d u c tin g  o x id e s  su c h  as  z in c  o x id e  an d  tin oxide
116]. T h e  d a ta  o b ta in e d  is c o m p a ra b le  to  th e  re su lts  o f  Sawad.. 
a n d  H ig u c h i (1 0 ] , w h o  re p o r te d  on  e le c tr ic a l re s is tiv ity  oi 4 5 > 
10“  ^12 cm , H all m ob ility  o f  27  cm /V .scc  and  ca rr ie r concentr.iti»mi 
o f  ro u g h ly  1 x  1 0 -^ c m “-^ in d c  m a g n e tro n  sp u tte red  film s fi)miai 
b y  th e  sp u tte r in g  o f  in d iu m  ta rg e t a t a  su b s tra te  tem p era tu re  
5 2 3  K  an d  an  o x y g e n  p a r tia l p re s su re  o f  1. 8  x  lO^ ** m  bar. OoLui 
et ai [9] re p o r te d  an  e le c tr ic a l re s is tiv ity  o f  4 .2  x  1 0  ‘ 12 cm on 
film s p rep a red  by  sp u tte rin g  o f  in d iu m  o x id e  ta rg e t in pu re  aigcMi 
a tm o sp h e re  an d  a t a  su b s tra te  te m p e ra tu re  o f  4 5 7  K. AI -  A)d' 
an d  B a y liss  [17 ] o b ta in e d  lo w  e le c tr ic a l re s is tiv ity  o f  6  x  1 0  
cm  o n  u n h e a le d  g la s s  s u b s tr a te s  b y  d c  re a c t iv e  m agnetron
■ 2 lii
F igu re  1. X-ray d iffraction  patterns o f  indium  oxid e film s deposited  at
different substrate tem peratures.
Figure 2. Variation of electrical resistivity (p )  Hall mobility (P> 
carrier concentration (n) on the substrate temperature of indium oxkU* 
films.
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sp u tte rin g  in  a n  o x y g e n  p a r t ia l  p re s s u re  o f  3 .8  x  1 0 ^^ m b ar. 
K a s iv is w a n a th a n  a n d  R a n g a r a ja n  [ 8 ] r e p o r te d  a  v e ry  h ig h  
e le c tr ic a l  r e s i s t i v i t y  1 0 ** Q  c m  b y  d c  r e a c t iv e  m a g n e t r o n  
sp u tte rin g  o n  a  s u b s tr a te  m a in ta in e d  a t  ro o m  te m p e ra tu re  an d  
at an o x y g e n  p a r tia l p re s su re  o f  2  x  10*‘^ m b ar. T h e  la rg e  v a ria tio n  
m the e le c tr ic a l r e s is t iv i t ie s  o f  th e  in d iu m  o x id e  f i lm s  fo rm e d  by  
ihc d c  m a g n e t r o n  s p u t t e r i n g  t e c h n i q u e  m ig h t  b e  d u e  to  
d iife rc n ce  in  th e  d e p o s i t io n  p a ra m e te r s  e m p lo y e d  d u r in g  th e  
p rep ara tio n  o f  th e  f i lm s . I t is  to  b e  n o te d  th a t  th e  in d iu m  o x id e  
films p re p a re d  b y  th e rm a l o x id a tio n  o f  in d iu m , sh o w e d  e le c tr ic a l 
res is tiv ity  o f  8  x  1 0 ~  ^Q  c m  w h e n  th e  o x y g e n  /  in d iu m  ra t io  w a s  
1 62 [2 j. T h e  lo w  e le c tr ic a l  re s is t iv i ty  o f  2  X c m  o b ta in e d  
in reac tiv e  e v a p o ra te d  f i lm s  [2 , 18] w a s  d u e  to  th e  lo w  o x y g e n  /  
indium  ra t io  o f  1.30.
'Vhc te m p e ra tu re  d e p e n d e n c e  o f  H a ll m o b ili ty  w a s  s tu d ie d  in  
ihe ra n g e  15 0  -  3 0 3  K  to  u n d e r s ta n d  th e  e le c tr ic a l  t r a n s p o r t  
m ech an ism  o p e ra t iv e  in  in d iu m  o x id e  f i lm s . T h e  te m p e ra tu re  
dep en d en ce  o f  H a ll m o b ili ty  w a s  fo u n d  to  o b e y  th e  S e to ’s re la tio n
119]
L q [U 2 m n ^ k T y '^  cxpl--Ef,kT] ( 1)
^'Rurc 3. Plots of IndiT'^) versus lOVT* indium oxide films deposited at 
^‘tferem substrate temperatures.
-^ 3 Optical properties:
h ig u re  4  s h o w s  th e  o p tic a l  t r a n s m i t ta n c e  o f  th e  in d iu m  o x id e  
h lm s  fo rm e d  a t d i f f e r e n t  s u b s tr a te  te m p e ra tu re s .  T lic  o p tic a l
tra n sm itta n c e  o f  th e  film s in c re a se d  w ith  th e  in c rease  o f  su b s tra te  
te m p e ra tu re . 7 'h c  o p tic a l tr a n s m itta n c e  (a t w a v e le n g th  =  6 (X) 
n m ) o f  th e  f ilm s  in c re a se d  fro m  6 8 %  to  859f w ith  the  in c re a se  o f  
s u b s tra te  te m p e ra tu re  fro m  3 7 3  K to  6 7 3  K re sp e c tiv e ly , llxc 
o p tic a l  a b s o r p tio n  e d g e  o f  th e  f i lm s  s h if te d  to w a rd s  lo w e r
NN here L is th e  g ra in  s iz e , q th e  e le c tro n  c h a rg e ,  ///* th e  e f f e c tiv e  
m ass o f  e le c tro n , k th e  B o ltz m a n n  c o n s ta n t  a n d  th e  g ra in  
K)iirulary p o te n tia l . F ig u re  3 sh o w s  th e  p lo ts  o f  ) v e r s u s
lO V f fo r th e  in d iu m  o x id e  f i lm s  fo rm e d  a t d if fe re n t  su b s tra te  
ic m p c ra tu rc s . T h e  lin e a r i ty  o f  th e  p lo ts  in d ic a te d  th a t th e  g ra in  
boundary  s c a t te r in g  o f  th e  c h a rg e  c a r r ie r s  is  m o re  p re d o m in a n t  
in these film s. T h e  g ra in  b o u n d a ry  p o te n tia l e v a lu a te d  fro m  th ese  
plots d e c re a s e d  f ro m  0 .0 4 1  e V  to  0 .0 2 5  e V  w ith  th e  in c re a s e  o( 
substra te  te m p e ra tu re  f ro m  4 7 3  K  to  6 7 3  K  re s p e c tiv e ly . T h e  
d ec rease  o f  th e  g ra m  b o u n d a ry  p o te n t ia l  w ith  th e  incrca .se  of 
substrate  te m p e ra tu re  is d u e  to  th e  in c re a se  o f  g ra in  s i /c .  H e n c e , 
the d ec re a se  o f  th e  s c a t te r in g  o f  e le c tro n s  a t th e  g ra in  b o u n d a r ie s  
lesu lted  in  th e  in c re a s e  o f  H a ll m o b ili ty .
Figure 4. Optical transmittance spectra of indium oxide films deposited 
at different substrate temperatures
w a v e le n g th s  a t  h ig h e r  su b .s tra tc  te m p e r a tu r e s .  T h e  o p tic a l 
a b s o rp tio n  c o e f f ic ie n t  (a )  o f  th e  f i lm s  w a s  e v a lu a te d  fro m  the  
tra n sm itta n c e  (T ) d a ta  by  ta k in g  in to  c o n s id e ra tio n , th e  re flec tio n  
los.scs. T h e  d e p e n d e n c e  o f ' a '  on  th e  p h o to n  e n e rg y  {hv) w as 
fo u n d  to  o b e y  th e  re la tio n
ahv =  A i h v - Eg) 1/2 (2)
w h e re  A is a c o n s ta n t a n d  Eg th e  o p tic a l h a n d  g ap . T h e  p lo t o f  
versus hv o f  in d iu m  o x id e  f ilm s  fo rm e d  a t d if fe re n t 
s u b s tra te  te m p e ra tu re s  a re  sh o w n  in F ig u re  5. T h e  o p tic a l b a n d  
g ap  o f  th e  f ilm s  w as  e v a lu a te d  by  e x tra p o la tin g  th e  lin e a r  p o rtio n  
o f  th e  p lo ts  (ahv)^ versus hv a t cx =  ()• T h e  o p tic a l b a n d  g a p  o f
F ig u re  5. P lots o f  (ahv)- versus hv o f  indium  o x id e  film s depo.sited at
d ifferent substrate tem peratures
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the films increased from 3.64 cV to 3.78 eV with the increase of 
the substrate temperature from 373 K to 673 K respectively. The 
H all m o b ility  m easu rem en ts  in d ica ted  tha t the c a rrie r  
concentration o f the films increased with the increase of the 
substrate temperature. The widening of the optical band gap 
with the increase o f substrate temperature may be attributed to 
the partial fulfilment o f the conduction band by the free carriers 
due to the blocking o f the lower stales [20]. Fislul and Vainshtein 
[21] also noticed that the broadening of the band gap with the 
increase o f the carrier concentration o f indium oxide films.
4. Conclusions
Thin films o f indium oxide were deposited onto glass substrates 
maintained at temperatures in the range 373-673 K by employing 
the dc reactive m agnetron sputtering technique. The influence 
of substrate tem perature on the structural, electrical and optical 
properties w ere studied. The film s form ed at 373 K were 
am orphous in nature whereas those formed at temperatures > 
473 K were polycrystalline with cubic structure. The electrical 
resistivity o f the films decrea.sed from 2.4 x  10”  ^f l  cm to 1.3 x 
lO'-' f i  cm and Hall mobility increased from 2.5 cm W .sec to 18 
cm W .sec with the increase o f substrate temperature from 373 K 
to 673 K due to the improvement in the crystallinity of the films. 
The optical transmittance increased from 68^> to 85% and the 
optical band gap increased from 3.64 eV to 3.78 cV with the 
increase o f  substra te  tem pera tu re  from  373 K to 673 K 
respectively.
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